A microprocessor control scheme for a switched reluctance motor(SRM) drive is discussed. A SRM is inherently a variable speed machine since it requires a converter even for constant speed running. Starting with a conceptual development, a particular hardware scheme is discussed for controller implementation. Hardware -software tradeoffs incorporated in the design are discussed. Some results of an actual system are evaluated. It is shown that a microprocessor controller has many advantages over conventional controllers. The controller design uses rotor position and speed feedbacks. Self-starting is incorporated into the design. Use of off -the -shelf components makes the controller simple, reliable, and economical.
INTRODUCTION
Interest in the switched reluctance motor(SRM) has revived in recent years. The SRM of today is a modern version of the 'electromagnetic engine' of the 1830s. The SRM is inherently a variable speed machine since it must be driven using a converter. The control of the SRM may be done using digital techniques and this allows the use of a microprocessor or microcomputer to control it. This paper describes a microprocessor based control scheme for a prototype SRM drive.
The SRM may be thought of as a brushless dc machine without field excitation. The machine is doubly salient, i.e. it has salient poles on both stator and rotor, as shown in figure 1. The SRM is competitive with conventional machines in that it is rugged, reliable, and has a good power density. Since there are no windings on the rotor the motor is inexpensive to manufacture. Theoretically, the speed of the machine may be varied from zero to maximum. The unidirectional current requirement for four quadrant operation simplifies the converter arrangement and minimises the number of power switches. This enhances the reliability and reduces the cost too. As seen in figure 2 each phase needs only one switch. Since the winding is in series with the switch, short -circuit currents are also limited considerably. The phases are independent of each other. Thus the failure of one phase does not necessarily lead to a shut -down of the machine. This makes it suitable for some critical applications.
The paper is organised on the following lines: Section 2 gives the power circuit arrangement. Section 3 describes the reluctance motor, its analysis, modes of operation and control requirements. Hardware implementaion is discussed in section 4. Sofware features are described in secion 5. Section 6 contains results and conclusions are given in section 7.
THE POWER CIRCUIT
The converter [12] used in the drive system is shown in figure   2 . It operates in three major modes. The first mode occurs when the main switch, T and phase switch,T, are turned on. The current in the phase winding rises and produces a torque. The second mode starts when the phase switch alone is turned off during chopping. The current freewheels in the winding through diode Dl. The converter toggles between modes 1 and 2 during chopping. The third mode occurs when the phase switch and main switch are turned off. The current is now dumped into the capacitor Cl. Additional circuitry may then be used to recover the dumped energy. Thus the converter is a regenerative one and capable of operation in any of the two quadrants. A magnetic circuit tends toward a configuration of minimum reluctance. When a phase is excited, the rotor pole closest to it tends to move underneath the stator pole, where reluctance is mimimum.
The magnetic properties of the SRM are highly nonlinear. It is difficult to construct a steady -state model like other machines. This also makes precise control difficult. However, an approximate linear model may be used for conceptual treatment. The linear variation of inductance vs position is shown for one phase in figure 3 . A short summary of the development of torque is given below [2] .
If the stator winding is modelled as a resistance R and an inductor L in series, the voltage equation may be written as, v = Ri + dt (1) where, v = applied voltage W = flux linkages i = instantaneous current
Assuming magnetic linearity and negligible resistance,
which may be rewritten as,
INTRODUCTION
The SRM may be thought of as a brushless dc machine without field excitation. The machine is doubly salient, i.e. it has salient poles on both stator and rotor, as shown in figure 1 . The SRM is competitive with conventional machines in that it is rugged, reliable, and has a good power density. Since there are no windings on the rotor the motor is inexpensive to manufacture. Theoretically, the speed of the machine may be varied from zero to maximum. The unidirectional current requirement for four quadrant operation simplifies the converter arrangement and minimises the number of power switches. This enhances the reliability and reduces the cost too. As seen in figure 2 each phase needs only one switch. Since the winding is in series with the switch, short-circuit currents are also limited considerably. The phases are independent of each other. Thus the failure of one phase does not necessarily lead to a shut-down of the machine. This makes it suitable for some critical applications.
THE POWER CIRCUIT
The converter [12] used in the drive system is shown in figure  2 . It operates in three major modes. The first mode occurs when the main switch, Tm , and phase switch,78 , are turned on. The current in the phase winding rises and produces a torque. The second mode starts when the phase switch alone is turned off during chopping. The current freewheels in the winding through diode D1. The converter toggles between modes 1 and 2 during chopping. The third mode occurs when the phase switch and main switch are turned off. The current is now dumped into the capacitor C1. Additional circuitry may then be used to recover the dumped energy. Thus the converter is a regenerative one and capable of operation in any of the two quadrants.
FIGURE 1. THE SRM

CONTROL ASPECTS
Torque and Power of the SRM
A magnetic circuit tends toward a configuration of minimum reluctance. When a phase is excited, the rotor pole closest to it tends to move underneath the stator pole, where reluctance is mimimum.
The magnetic properties of the SRM are highly nonlinear. It is difficult to construct a steady-state model like other machines. This also makes precise control difficult. However, an approximate linear model may be used for conceptual treatment. The linear variation of inductance vs position is shown for one phase in figure 3 . A short summary of the development of torque is given below [2] .
If the stator winding is modelled as a resistance R and an inductor L in series, the voltage equation may be written as, 
The term in brackets may be rewritten as dt (2 Liz), and the term dA is the angular speed co. Thus,
The term (i-Liz) is recognized as the increase in stored magnetic energy, and the term dL o)) as the energy converted to mechanical work. But, m 6hca energy is Wmech = Tw (6) where torque, T, is
Since a linear inductance Hence T = Kti2 (7) rise is assumed, -is a constant.
de (8) where K, -1 dL 2 de Note that the torque is proportional to the square of the current. Thus, the current needs to be unidirectional for operation in any of the four quadrants. The construction of the SRM plays an important role in designing the controller.
The machine may have any number of stator poles and rotor poles. Any number of stator phases are also possible. There is however , a definite optimum choice of numbers, depending among other things on[2]: 1. Elimination of mutual inductance between phases. 2. Need to minimize L,,, the inductance in unaligned position. 3. Patterns of repeatability between relative stator pole -rotor pole positions. 4 . Self-starting capability of motor.
5.
Minimum switching frequency.
The first two conditions will give maximum output; the next two will enable easier control; the last one reduces the skin effect and eddy current losses. Lower switching frequencies also mean that almost all of the available power devices are eligible for use in the converter to control this motor. In this paper a machine with 6 stator poles, 4 rotor poles is assumed. There are three phases; one for each stator pole -pair.
Modes of Operation
Similar to any other motor drive, the SRM operates in two modes: the constant torque region and the constant power region. The constant torque region extends from zero to base speed co,. Here torque is maintained constant using current chopping. Beyond cob the high speed prevents the current from reaching the required levels. Thus, the only parameter that can be controlled is the advanced angle O. The current waveform for this mode is shown in figure 3c. The first two conditions will give maximum output; the next two will enable easier control; the last one reduces the skin effect and eddy current losses. Lower switching frequencies also mean that almost all of the available power devices are eligible for use in the converter to control this motor. In this paper a machine with 6 stator poles, 4 rotor poles is assumed. There are three phases; one for each stator pole-pair.
Similar to any other motor drive, the SRM operates in two modes: the constant torque region and the constant power region. The constant torque region extends from zero to base speed cob. Here torque is maintained constant using current chopping. Beyond cof e the high speed prevents the current from reaching the required levels. Thus, the only parameter that can be controlled is the advanced angle 60. The current waveform for this mode is shown in figure 3c.
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dL Since a linear inductance rise is assumed, -r-is a constant. Hence
where Kt
Note that the torque is proportional to the square of the current. Thus, the current needs to be unidirectional for operation in any of the four quadrants. The construction of the SRM plays an important role in designing the controller.
The machine may have any number of stator poles and rotor poles. Any number of stator phases are also possible. There is however , a definite optimum choice of numbers, depending among other things on[2j:
1. Elimination of mutual inductance between phases. 2. Need to minimize Lu , the inductance in unaligned position. The control requirements of a SRM are greatly simplified if a linear model is assumed. Since the phases are independent, only one phase is considered. A block diagram of the control scheme is shown in figure 4 . The current must be turned on at a particuar instance, maintained at the commanded level and turned off such that the required torque is produced. Since the variation of inductance with respect to position is constant it is simpler to measure the turn -on and turn -off point in terms of position rather than time. Since we are considering a machine with 6 stator poles , 4 rotor poles and 3 phases, we find that (i) angle between consecutive stator poles = 60°( ii) angle between consecutive rotor poles = 90°T
hus each phase has to be fired every 90° revolution of the rotor, which is when a rotor pole approaches a stator pole.
Since there are three phases and each is triggered four times per revolution, there are a total of twelve firings per revolution.
The arcs of the stator ß, and rotor ßr also play an important part in controller design. ß, must be greater than the difference (90 -60) = 30 °. This guarantees an overlap at rest. This is essential to make the machine self-starting from any position.
The stator pole arc ß= decides the time for which the inductance rises. This dimension is important, since if ß, and ß, are equal or close, the flat portion of the profile vanishes as shown in figure 4. The current must now be turned off suitably such that it does not extend into the portion of falling inductance. If it does, a negative or braking torque is produced, thus reducing the average torque. Since the currents have to be fired at correct positions, a position feedback has to be incorporated in the controller. From the position the speed may also be calculated. This advanced triggering ensures that when the inductance starts rising, the current is at the required level. The current is kept on for O°. The current must not flow during the flat inductance region since this produces no torque. The higher the current or speed, the smaller 0p, must be. Since calculating the exact point of turn -off for every current or speed level is not feasible, 0P, is changed over sections of the speed range.
The current command is calculated using a PI algorithm as shown in figure 5. Since current through the phase cannot be maintained at a constant level, it is modulated using a hysteresis control as shown in figure 7 . The current is maintained within a window ± AI from the curent command. Care must be taken not to keep A/ too small since the chopping frequency will increase leading to noise and heating problems. If it is too large the current may exceed the safe limits of the power devices. A good choice for A/ is about 5% to 10% of the rated current.
For four quadrant operation, only the firing of the currents has to be shifted. The current for forward braking is shown in figure  3(b) . Currents for the reverse modes are similar except that they are shifted with respect to the absolute 0° mechanical position of the rotor shaft. All angles discussed in the paper are mechanical angles.
Implementation
The control requirements described in the foregoing sections are realizable using a microprocessor and some additional Hardware. The microprocessor enables calculation of the ad-/anced angle 80 . The microprocessor will allow connection to
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Control Requirements
The control requirements of a SRM are greatly simplified if a linear model is assumed. Since the phases are independent, only one phase is considered. A block diagram of the control scheme is shown in figure 4 . The current must be turned on at a particuar instance, maintained at the commanded level and turned off such that the required torque is produced. Since the variation of inductance with respect to position is constant it is simpler to measure the turn-on and turn-off point in terms of position rather than time. Since we are considering a machine with 6 stator poles , 4 rotor poles and 3 phases, we find that (i) angle between consecutive stator poles = 60° (ii) angle between consecutive rotor poles = 90°T hus each phase has to be fired every 90° revolution of the rotor, which is when a rotor pole approaches a stator pole. Since there are three phases and each is triggered four times per revolution, there are a total of twelve firings per revolution.
The arcs of the stator J3S and rotor )3r also play an important part in controller design. p r must be greater than the difference (90 -60) = 30°. This guarantees an overlap at rest. This is essential to make the machine self-starting from any position.
The stator pole arc )3S decides the time for which the inductance rises. This dimension is important, since if ps and p r are equal or close, the flat portion of the profile vanishes as shown in figure 4. The current must now be turned off suitably such that it does not extend into the portion of falling inductance. If it does, a negative or braking torque is produced, thus reducing the average torque. Since the currents have to be fired at correct positions, a position feedback has to be incorporated in the controller. From the position the speed may also be calculated.
Angle Control
For motoring, it is seen from figure 3b and equation 3 , that the current must be driven through the phase winding during the region of rising inductance. Since the coil is inductive, current does not rise instantaneously. Thus, the voltage to the phase winding is applied at an advanced angle / x (9) where, / = phase current, A Lu = Inductance in unaligned position, H oor = rotor speed, rad/s Vd ~ dc supply voltage, V
FIG 4: INDUCTRNCE PROFILE FOR B.=B r
This is an approximate equation, assuming the linear inductance variation shown in figure A3 . But since Lu is constant for all current values, the calculated 60 is accurate.
This advanced triggering ensures that when the inductance starts rising, the current is at the required level. The current is kept on for 9pw°. The current must not flow during the flat inductance region since this produces no torque. The higher the current or speed, the smaller 9pw must be. Since calculating the exact point of turn-off for every current or speed level is not feasible, 6pw is changed over sections of the speed range.
The current command is calculated using a PI algorithm as shown in figure 5 . Since current through the phase cannot be maintained at a constant level, it is modulated using a hysteresis control as shown in figure 7 . The current is maintained within a window ± A/ from the curent command. Care must be taken not to keep A/ too small since the chopping frequency will increase leading to noise and heating problems. If it is too large the current may exceed the safe limits of the power devices. A good choice for A/ is about 5% to 10% of the rated current.
Implementation
The control requirements described in the foregoing sections are realizable using a microprocessor and some additional hardware. The microprocessor enables calculation of the advanced angle 90 . The microprocessor will allow connection to
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a CRT, thus enabling interactive running of the machine. Commands from the keyboard may be used to vary speed, change direction etc.
Additionally, for a prototype system as the one under consideration the experimenter may change the values of some of the parameters and constants such as the Pl control constants, torque constant Kt , etc. This would allow experimental study of the impact of parameter variations on the performance of the motor drive. Ease of debugging and low cost of the peripheral chips used in the circuit make a microprocessor controller an attractive proposition.
At the first stage of designing the controller, certain decisions had to be made regarding the best use of the microprocessor. It was decided to build both the angle and chopping control schemes in dedicated hardware under software control. The software is responsible for loading the counters and registers with appropriate values. This choice was made since both the angle and chopping control are time critical. The implementations of the Pl controller and diagnostic routines are in software.
HARDWARE IMPLEMENTATION
The controller was implemented using a 8088 CPU on a STD bus, and some additional hardware in the form of counters, comparators etc. The 16 -bit accuracy is considered to be sufficient for the calculations involved. A block diagram of the overall system is shown in figure 6 .
The measurement of angles requires a fairly accuate rotor position feedback. This scheme uses an absolute shaft encoder giving a 10 -bit position signal. The least significant bit(LSB) of the position is used to clock the angle counters as shown in figure 7 . Thus the resolution of the angles is about 0.7 °. The advantage of this method is that it automatically compensates for variations in speed, since the LSB will slow -down or speed -up accordingly.
The 10 -bit position output is used as an address to an EPROM, shown in figure 8 . The output of the EPROM, for forward motoring, is shown in figure 7 . The rising edge of each signal corresponds to the point when a rotor pole -pair has just moved under a particular stator pole -pair. These edges are used to trigger monostables. The narrow monostable pulses are used as triggers for the various counters.
The monostable pulses cannot be predicted. Thus the phase cannot be turned on in advance of these pulses. Thus, the advance angle is converted into a delay angle. For forward motoring the delay angle is One counter counts down O from the trigger point, and turns on the phase. It also triggers another counter which counts down 6P, and turns off the phase. Thus, angle control requires two counters per phase. The speed may also be measured using the rotor position. This is explained in the software section.
The hysteresis or chopping control scheme is shown in figure  9 . It consists of two digital comparators. Additionally, for a prototype system as the one under consideration the experimenter may change the values of some of the parameters and constants such as the PI control constants, torque constant Kt , etc. This would allow experimental study of the impact of parameter variations on the performance of the motor drive. Ease of debugging and low cost of the peripheral chips used in the circuit make a microprocessor controller an attractive proposition.
At the first stage of designing the controller, certain decisions had to be made regarding the best use of the microprocessor. It was decided to build both the angle and chopping control schemes in dedicated hardware under software control. The software is responsible for loading the counters and registers with appropriate values. This choice was made since both the angle and chopping control are time critical. The implementations of the PI controller and diagnostic routines are in software.
The controller was implemented using a 8088 CPU on a STD bus, and some additional hardware in the form of counters, comparators etc. The 16-bit accuracy is considered to be sufficient for the calculations involved. A block diagram of the overall system is shown in figure 6 .
The measurement of angles requires a fairly accuate rotor position feedback. This scheme uses an absolute shaft encoder giving a 10-bit position signal. The least significant bit(LSB) of the position is used to clock the angle counters as shown in figure 7 . Thus the resolution of the angles is about 0.7°. The advantage of this method is that it automatically compensates for variations in speed, since the LSB will slow-down or speed-up accordingly.
The 10-bit position output is used as an address to an EPROM, shown in figure 8 . The output of the EPROM, for forward motoring, is shown in figure 7 . The rising edge of each signal corresponds to the point when a rotor pole-pair has just moved under a particular stator pole-pair. These edges are used to trigger monostables. The narrow monostable pulses are used as triggers for the various counters.
The monostable pulses cannot be predicted. Thus the phase cannot be turned on in advance of these pulses. Thus, the advance angle is converted into a delay angle. For forward motoring the delay angle is k- (10) One counter counts down 9 from the trigger point, and turns on the phase. It also triggers another counter which counts down 0pvv and turns off the phase. Thus, angle control requires two counters per phase. The speed may also be measured using the rotor position. This is explained in the software section.
The hysteresis or chopping control scheme is shown in figure  9 . It consists of two digital comparators. The upper and lower Starting is achieved by feeding the output of the EPROM directly to the phase switches. This is done using a multiplexer and disabling the signals of the angle controller. This gives 36° wide pulses at start and makes the scheme a self-starting one i.e. the SRM may be started from any position. This requires rotor position feed -back even while starting.
For reverse operation a waveform similar to the one in figure 8 is programmed on 3 other bits of the 8 -bit EPROM. The only difference is their position with respect to the absolute 0° (mechanical) of the rotor. The two sets of outputs of the EPROM are multiplexed onto three lines and switched according to the desired direction of rotation.
SOFTWARE
The software is designed with the following objectives:
1.
To start the machine. 2. To vary speed and change direction as required. 3. To implement the Pl control algorithm in speed controller 4. To enable interactive changes in variables and constants in motor and controller 5. To perform diagnostics.
The software is written in assembly language since it is timecritical. It is divided into four modes of operation. A sequence diagram is shown in figure 10 . At power -up the processor enters the neutral mode. Here, Pl constants Kp and K;, speed command and direction of rotation may be entered by the user. At a start command it goes into the start -up mode where it initializes the registers, counters, switches etc. It then enters the low -speed mode. It stays in this mode till a certain minimum speed is achieved. The current setting corresponds to the maximum allowable to achieve a high starting torque. Next, it enters the normal mode where the Pl speed controller is enabled and current control is enforced.
The control signals to the SRM are periodic in angular position but not in time. Hence, it was decided to implement the Pl algorithm using an angular interval. For the maximum speeds specified for the machine a period of 30° is considered a good choice. Thus the torque at the kth sample is given by T(k) = Kpe(k) + K21 e(i)6t (11) / =1 where e(/') = error at jth sample = coiw) = set speed wi = feed -back speed at jth sample Note that since the time -step is varying, St, is not constant. This algorithm is slightly more complicated than if a fixed time step had been used. The additional computational overhead is supported by the math -coprocessor. It performs the math operations to a high degree of precision and hence gives very accurate results. Then using the equation T = Kt i2, the current command is determined.
An important function of the software is to oversee the operation of the subsystems and the entire system. The diagnostic routines periodically check for over -current, over -voltage and over -speed. In case of abnormal operation, a warning is flashed on the screen. The operation of the machine is halted and the processor returns to the neutral state, awaiting user commands. Starting is achieved by feeding the output of the EPROM directly to the phase switches. This is done using a multiplexer and disabling the signals of the angle controller. This gives 36° wide pulses at start and makes the scheme a self-starting one i.e. the SRM may be started from any position. This requires rotor position feed-back even while starting.
For reverse operation a waveform similar to the one in figure 8 is programmed on 3 other bits of the 8-bit EPROM. The only difference is their position with respect to the absolute 0° (mechanical) of the rotor. The two sets of outputs of the EPROM are multiplexed onto three lines and switched according to the desired direction of rotation.
1. To start the machine. 2. To vary speed and change direction as required. 3. To implement the PI control algorithm in speed controller 4. To enable interactive changes in variables and constants in motor and controller 5. To perform diagnostics.
The software is written in assembly language since it is timecritical. It is divided into four modes of operation. A sequence diagram is shown in figure 10 . At power-up the processor enters the neutral mode. Here, PI constants Kp and K,, speed command and direction of rotation may be entered by the user. At a start command it goes into the start-up mode where it initializes the registers, counters, switches etc. It then enters the low-speed mode. It stays in this mode till a certain minimum speed is achieved. The current setting corresponds to the maximum allowable to achieve a high starting torque. Next, it enters the normal mode where the PI speed controller is enabled and current control is enforced.
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This algorithm is slightly more complicated than if a fixed time step had been used. The additional computational overhead is supported by the math-coprocessor. It performs the math operations to a high degree of precision and hence gives very accurate results. Then using the equation T = Kt i2 , the current command is determined.
An important function of the software is to oversee the operation of the subsystems and the entire system. The diagnostic routines periodically check for over-current, over-voltage and over-speed. In case of abnormal operation, a warning is flashed on the screen. The operation of the machine is halted and the processor returns to the neutral state, awaiting user commands. o>y = set speed Co, = feed-back speed at /h sample Note that since the time-step is varying, 8f/ is not constant. Since a certain count, say x, , of a high-frequency clock are accumulated between two pulses 30° apart. The hardware was tested simulating a position feedback signal. The circuit functioned correctly from zero to maximum design speed. The converter was tested using a static RL load. Some waveforms are shown in figure 11 . Figure 11a shows the concept of advanced angle. The lower waveform is the small position pulses from the triggering monostable. This is the point where inductance begins to rise. The current has been turned on in advance so that it is at the required level when inductance begins to rise. figure 11b shows the current and corresponding base drive signal at low speeds. This is the chopping control or constant torque region. At higher speeds the current pulse is too small in time and only angle control is possible( figure 11c ). This is the constant power region.
CONCLUSION
A microprocessor control scheme for the SRM was designed and implemented in the labratory using an Intel 8088 microprocessor. The microprocessor offers the advantages of reduced hardware, flexibility and user -friendliness all of which are useful in developing a prototype system. Standard, off-the -shelf components make the implementation economical. The experimental results correlate the theoretical predictions. The hardware was tested simulating a position feedback signal. The circuit functioned correctly from zero to maximum design speed. The converter was tested using a static RL load. Some waveforms are shown in figure 11 . Figure 11a shows the concept of advanced angle. The lower waveform is the small position pulses from the triggering monostable. This is the point where inductance begins to rise. The current has been turned on in advance so that if is at the required level when inductance begins to rise, figure 11b shows the current and corresponding base drive signal at low speeds. This is thechopping cont r oI or constant tor q ue region. At higher speeds the current pulse is too small in time and only angle control is possib!e(figure 11c). This is the constant power region.
A microprocessor control scheme for the SRM was designed and implemented in the labratory using an Intel 8088 microprocessor. The microprocessor offers the advantages of reduced hardware, flexibility and user-friendliness all of which are useful in developing a prototype system. Standard, off-the-shelf components make the implementation economical. The experimental results correlate the theoretical predictions. 
